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Abstract We have measured the CO, volume mixing ratio (VMR) within the planetary boundary layer
(PBL) using cloud slicing with an airborne pulsed integrated path differential absorption (IPDA) lidar from
flight altitudes of up to 13 km. During a flight over lowa in summer 2011, simultaneous measurement of the
optical range and CO, absorption to clouds and the ground were made using time-resolved detection of
pulse echoes from each scattering surface. We determined the CO, absorption in the PBL by differencing the
two lidar-measured absorption line shapes, one to a broken shallow cumulus cloud layer located at the top
of the PBL and the other to the ground. Solving for the CO, VMR in the PBL and that of the free troposphere,
we measured a ~15 ppm (4%) drawdown in the PBL. Both CO, VMRs were within =3 ppm of in situ CO,
profile measurements. We have also demonstrated cloud slicing using scatter from thin, diffuse cirrus clouds
and cumulus clouds, which allowed solving for the CO, VMR for three vertical layers. The technique and
retrieval algorithm are applicable to a space-based lidar instrument as well as to lidar IPDA measurements of
other trace gases. Thus, lidar cloud slicing also offers promise toward space-based remote sensing of vertical
trace gas profiles in the atmosphere using a variety of clouds.

1. Introduction

Satellite remote sensing of carbon dioxide (CO,) in the lower atmosphere is key to identifying and monitor-
ing global CO, sources and sinks for improving our understanding of the global carbon cycle [Rayner and
O’Brien, 2001]. Current satellites such as the Greenhouse Gas Observing Satellite (GOSAT) [Kuze et al., 2009]
and the Orbiting Carbon Observatory-2 [Crisp et al., 2004; Boesch et al., 2011] measure the total column
absorption of CO, in sunlight reflected from the Earth’s surface and thus respond near uniformly to CO, in
the atmospheric column to the scattering surface. CO, surface fluxes make only small changes to the total
column signal. In addition, CO, measurements can be made only over cloud-free, sunlit areas of the Earth
and are susceptible to biases in the presence of aerosols or thin clouds [Mao and Kawa, 2004; Guerlet et al.,
2013]. To overcome these limitations of passive remote sensing satellites, NASA commissioned the formu-
lation study of ASCENDS (Active Sensing of CO, Emissions over Nights, Days, and Seasons), a space-based
lidar mission. The NASA Goddard Space Flight Center CO, Sounder lidar is one candidate approach for the
ASCENDS mission.

The NASA Goddard CO, Sounder is a pulsed lidar using an integrated path differential absorption (IPDA)
measurement approach [Abshire et al., 2010]. The pulsed approach with a time-resolved receiver enables
accurate gas absorption line shape measurements to a scattering surface even in the presence of weak
scattering in the optical path. Previously, we demonstrated accurate (bias <1.3 ppm) airborne lidar mea-
surements of the total column-averaged CO, volume mixing ratio (VMR) [Abshire et al., 2014]. In this work,
we take advantage of the range and gas absorption information in time-resolved cloud backscatter and
demonstrate CO, VMR measurements in the planetary boundary layer (PBL) using cloud slicing. Such
measurements are more responsive to CO, surface fluxes than are total column measurements.

Cloud slicing, a technique first applied to differential optical absorption measurements from passive spec-
trometers [Ziemke et al., 2001], divides the atmosphere into cloud-separated layers and measures the gas
column absorption in each layer using optical scatter from the cloud tops. Cloud slicing has been used to
measure upper tropospheric column ozone [Ziemke et al., 2001] and the VMR of nitrogen dioxide [Choi et al.,
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Figure 1. Schematic showing lidar cloud slicing with a thin, shallow planetary boundary layer (PBL) cloud: (a) The CO,
IPDA lidar measures the two-way atmospheric transmittance to each scattering surface in the light path. (b) From these,
one can determine the transmittance of each cloud-separated layer of the atmosphere (here the PBL and the free
troposphere) and retrieve the corresponding CO, volume mixing ratios.

2014] and carbon monoxide [Liu et al., 2014] in the troposphere. A ground-based lidar [Gibert et al., 2008]
has also used clouds as a scattering target to measure the CO, mixing ratio in the PBL.

The concept of cloud slicing using an airborne lidar is illustrated in Figure 1. When the plane flies over

a layer of thin or broken clouds (Figure 1a), the IPDA lidar measures the two-way wavelength-resolved
atmospheric transmittance to each scattering surface (Figure 1b). From these, one can determine the
gas-transmittance line shape of each cloud-separated layer of the atmosphere. One can then retrieve the
precise column-averaged VMR of the gas for each atmospheric layer using radiative transfer modeling of
the gas absorption. We take advantage of the fact that cumulus clouds often occur at the top of the PBL
[Stull, 1988] and, using a layer of shallow (compared to PBL height) cumulus clouds, demonstrate lidar cloud
slicing to measure the CO, VMR within the PBL.

2. Instrument Description and Methods

2.1. The CO, Sounder Instrument

The CO, Sounder lidar instrument was flown on the NASA DC-8 during the NASA ASCENDS campaign in
2011 at altitudes of up to 13 km above sea level, below which ~80% of the atmosphere by mass resides.
The laser transmitted a train of 1 ps wide square pulses with ~22 pJ energy per pulse at a 10 kHz rate. The
source laser wavelength was scanned linearly every ~3 ms in a repeating sawtooth pattern, which allowed
the transmitted pulses to sample the 1572.335 nm CO, absorption line (30012 < 00001 R16e) with 30
wavelengths. This allowed a high-resolution measurement of the absorption line shape and better correc-
tion for Doppler shifts and the system wavelength response. In fitting the absorption line shape, the loss in
signal-to-noise ratio for individual wavelength samples is compensated by the larger number of wavelength
samples. In flight, we calibrated the wavelength scan using optical heterodyne detection with a second,
wavemeter-referenced laser. During operation, the transmitted wavelengths stayed constant, except for a
<0.4 pm/h, slowly varying overall wavelength offset, which was monitored and corrected for in postflight
analysis. The outgoing energy of individual pulses was recorded to allow for normalizing energy variations
in the transmitted pulses.

The transmitted lidar beam was directed toward nadir from the aircraft. The lidar receiver used a 20 cm
diameter telescope to collect the backscatter, and a high-gain infrared photomultiplier tube (PMT) followed
by a discriminator as a photon counting detector. These photon counts binned by their arrival time relative
to the start of the wavelength scan and synchronously accumulated over ~300 wavelength scans (~900 ms)
before the data were transferred to the lidar's computer. The lidar recorded data in 1 s intervals. The full
system parameters are listed in Abshire et al. [2014].

The receiver PMT-discriminator response to light intensity deviated from linear with increasing photon
count rate. For typical lidar return intensities, the deviation was around 5%. The nonlinear response
was calibrated in the laboratory prior to the field campaign. This calibration was refined using airborne
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Figure 2. (a) A sample of lidar backscatter versus time for 1 s accumulated data with both cloud and ground returns
showing the CO, absorption shape: Each pair of vertical lines correspond to the time-resolved cloud and ground echoes
for the 30 wavelengths probed. (b) Expanded time base for a single wavelength showing fully time-resolved backscatter.
(c) Wavelength samples (circles) of the transmittance line shapes from integrating individual pulses from each set of 30
pulse echoes. (d) Wavelength samples averaged for 100 s to reduce photon shot noise.

measurements of a well-characterized atmosphere that were made over Railroad Valley, Nevada, USA,
on 3 August 2011 during the campaign. The calibration method is similar to that of calibrating satellite
instruments such as GOSAT [Kuze et al., 2011]. No bias correction was used during the retrieval process.

2.2, CO, Mixing Ratio Retrievals

In postflight analysis, the measured transmittance line shape and optical range were extracted from the 1's
accumulated lidar backscatter data (Figure 2a). Pulse echo signals from the cloud and ground were sepa-
rated by time of flight (Figure 2b). Based on the photon count statistics, the noise visible in the pulse echoes
can be attributed to photon shot noise. Under ideal conditions, when flying level over a flat surface, the opti-
cal range computed from the pulse time of flight has ~1 m precision [Abshire et al., 2014]. Since the echo
pulses can be broadened by diffuse scattering surfaces (clouds) or by aircraft tilt, the retrieval algorithm
computes the range using the pulse centroid. The optical range, combined with the aircraft Global Position-
ing System altitude and pitch and roll information gives the vector optical path of the lidar pulses, which
was used for modeling the transmittance (Figure 2c) and retrieving the CO, VMR.

To determine the atmospheric transmittance line shape, the algorithm first integrates the lidar pulses
(Figure 2b) and subtracts the solar background and factors in the wavelength calibration, thereby obtaining
the return pulse energies E(4;) in units of integrated photon counts. The algorithm then normalizes £(4,) by
the outgoing energy E,(4;) and the off-line pulse energy (all energies are accumulated over the 1 s interval)
to get the transmittance line shape (Figure 2¢):

E(4)/Eq(4)
(ECAoft)/Eo(Ao))”

where 7 sets the appropriate scale and (E(4.4)/Eq(A)) is the off-line return pulse energy averaged over
all off-line wavelengths.

() = Ty X Aot € {Ay . Ags Agg .. Ao} (1)

For a cloud layer at the top of the PBL (Figure 1a) with the cloud thickness being small compared to the PBL
column, the cloud divides the atmosphere into two layers, the PBL and free troposphere (FT). The line shape
measured from the cloud return E(4;) yields the transmittance of the FT, 7(4;), while the line shape from
the ground return E ,(4,) yields the total column transmittance, zror(4;), which can be expressed as

Tror(4) = Ter(4) X 7pg (4, )
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where 7,5 (4;) is the PBL transmittance. Equation (2) can also be expressed in terms of optical depth,
OD = —In 7 so that ODyy;(4;) = ODgr(4;) + ODpg, (4;). The OD or absorption line shape better resolves line
shape properties such as pressure broadening [Ramanathan et al., 2013].

To retrieve the CO, VMR from the transmittance 7(4,), the algorithm uses a radiative transfer model based
on the Clough et al. [2005] line-by-line radiative transfer model and HITRAN (High Resolution Transmission)
2008 [Rothman et al., 2009]. Corresponding to each measurement 7(4;), the model calculates 7,4 (1) using
the cloud (or ground) elevation from the optical range and the atmospheric pressure, temperature, and
water vapor profile from the Modern Era Retrospective Analysis For Research and Applications (MERRA,
compiled by the NASA Global Modeling and Assimilation Office) model. The algorithm uses no a priori CO,
information and fits for a uniform CO, distribution and a single CO, VMR parameter, X, representing the
entire column. After two minor adjustments to z(4;), fitting and correcting for a small wavelength offset
(<0.2 pm), and a small, linear baseline system wavelength response, the algorithm minimizes,

2
A
Xz(Xcoz) = Z W(4) <1 - L) s Aon € {46 .- A5} 3)

on Tmodel(’thCOZ)

as a function of Xco . W(4;) is a weighting function to factor in the heterogeneity of the wavelength samples
(discussed below). The retrieval algorithm thus described was used in [Abshire et al., 2014].

For the results shown in this letter, we averaged the data over a ~20 km ground track (100 s in time),
both to reduce photon shot noise (see Figure 2d) and to allow sufficient backscatter from both the cloud
and ground reflecting surfaces. Within each 100 s interval, there was a mixture of 1 s data with returns
from cloud only, ground-only and simultaneous cloud and ground (example shown in Figures 2a-2c). Our
algorithm accommodates averaging varying numbers of cloud and ground echoes.

The steps in the retrieval were as follows: First, for every 1 s of data with a cloud or ground return, we
calculated the model transmittance for each return using the vector optical path and radiative transfer
modeling. Then, we summed individual 1 s data, £(4;) and Eg,(4,) for each 100 s time interval. Next, we
correspondingly averaged the 1 s radiative transfer model calculations over the same interval to obtain
the model transmittances 7y ogel(4) and T1o7 mogel (), respectively. Then, we normalized the summed lidar
return energies using equation (1) with 7o¢ = (Toge1(Aofr)) @nd computed the measured transmittances
7rr(4;) and z1or(4;) (Figure 2d). We then computed the PBL-measured and model transmittances zpg, (4;)
and 7pg; model(4) Using equation (2). Finally, we retrieved the CO, VMR in the FT and the PBL by performing
individual minimizations of equation (3) for each layer.

For the FT retrieval, we used a weighting function

Wer () = D08 @)

VEa(4)
that factors in the sensitivity (OD(4;)E(4;)) of each wavelength 4, to a change in Xco, and the photon shot
noise (1/E(4,)) associated with the wavelength sample. In our experience, this weighting function works
the best across a range of flight altitudes and signal levels [Abshire et al., 2014]. For the PBL, we used an
analogous weighting function
Eq(4)E(4:)O0Dpg (4))
WpBL(/l,-) ~ ar cl PBL (5)
\/ Eqr(ADEZ(A) + E2,(ADEq(A)

to weight the least squares fit. After fitting, we characterized the quality of each retrieval by the signal-
to-noise ratio of the retrieved CO, VMR, SNRy estimated by propagating photon shot noise in £y, and £
through the steps of the retrieval. We did not include the solar background on the detector in the SNR,
estimates as it was found to be relatively low (see Figures 2a and 2b) and had little impact on the overall
signal-to-noise ratio.

2.3. Flight Over lowa on 10 August 2011

In the ASCENDS flight over lowa on 10 August 2011 (Figure 3a), there were fair weather broken shallow
cumulus clouds (Figure 3a). The aircraft flew over the same ground track at altitudes ranging from 3 to

13 km followed by a descent spiral from 13 km to the ground over the center of the track. Lidar backscatter
revealed a flat terrain (range of elevations 180-300 m above mean sea level) and shallow, level cumulus
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Figure 3. Flight conditions over lowa on 10 August 2011. (a) Lidar backscatter profile measured for the flight segment
show returns from the ground, cumulus clouds and cirrus clouds. Inset: photograph taken from the airplane. (b) A sam-
ple backscatter profile for a 100 s interval beginning at 2235 UTC (magenta rectangle in Figure 3a). (c) The CO, vertical
profile measured from the aircraft using an on-board in situ CO, sensor shows a sharp =15 ppm decrease in the CO,
VMR in the PBL, just below the cumulus clouds.

clouds (range of cloud top elevations 1950-2200 m) at the PBL. These conditions provided an excellent
opportunity to perform cloud slicing, by allowing averaging over the %20 km ground track (100 s in time)
with little change in elevation. In addition, measurements from an on-board in situ CO, sensor (described in
Vay et al. [2003]) that continuously monitored the CO, VMR in the air outside the aircraft showed a strong,
~15 ppm VMR reduction in the PBL due to photosynthesis in the growing summer crop (predominantly
corn) in lowa (Figure 3c). The VMR reduction has also been seen in total column lidar measurements from
the flight [Menzies et al., 2014; Abshire et al., 2014]. The =1 ppm (in the FT) and ~2-5 ppm (in the PBL)
along-track variation of the CO, VMR were smaller than the vertical PBL-FT difference.

3. Results

3.1. Two-Layer Cloud Slicing Using Cumulus Clouds

The measured CO, absorption line shapes (see Figure 4a) of the total column and FT averaged over
the 100 s interval were found to fit well with model calculations enabling two-layer cloud slicing
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Figure 4. Cloud slicing CO, measurements over lowa on 10 August 2011. (a) Sample measured absorption line shapes
(flight altitude ~11 km) and residuals ((top) data-model) of the PBL line shape. For this retrieval, XCOZ,PBL =379 ppm
(SNRy = 85) was found to be optimum. (b) For the flight segment shown in Figure 3a, PBL retrievals (green squares),
in contrast to total column retrievals (red diamonds) showed a clear =15 ppm CO, drop relative to FT retrievals (blue
circles). (c) Lidar CO, VMR measurements were aggregated to obtain the mean (solid points) and standard deviation
(error bars) for each flight altitude, which agreed well with calculated in situ column measurements (shaded regions)
derived from the in situ CO, profile (solid line). The shaded areas reflect the along-track variability of the atmospheric
CO, VMR. A summary of the data is also shown in Table 1.

RAMANATHAN ET AL.

©2015. American Geophysical Union. All Rights Reserved. 5



@AG U Geophysical Research Letters 10.1002/2014GL062749

Table 1. Summary of Two-Layer Cloud Slicing Results Over lowa on 10 August 2011—Lidar Cloud Slicing Retrievals Aggregated by Flight Altitude Were Validated
by In Situ Measurements Averaged Over the Lidar Column?

Planetary Boundary Layer (PBL) Free Troposphere (FT)
Altitude In Situ Ref. Lidar Mean SNRy Lidar SD Bias In Situ Ref. Lidar Mean SNRy Lidar SD Bias
(km) Samples (ppm) (ppm) Average (ppm) (ppm) (ppm) (ppm) Average (ppm) (ppm)
3.11 5 368.9 369.8 125 6.0 0.9 383.2 384.1 80 6.1 1.0
4.64 1 368.9 371.8 95 5.2 2.9 384.2 383.6 140 4.6 -0.6
6.29 4 368.9 367.6 90 10.2 -13 384.8 387.3 220 2.8 2.6
7.58 6 368.6 369.5 75 10.8 0.9 384.6 384.9 230 2.2 0.3
9.36 3 369.3 368.8 65 4.1 -0.5 385.1 385.9 245 2.0 0.8

3The bias in the lidar retrievals (lidar-in situ), measured at five distinct altitudes was small, limited primarily by sample size.

measurements of the CO, VMR. For the sample plot and residual shown in Figure 4a, the PBL fit residuals
showed a clear improvement with the RMS residual decreasing from 5.8 x 10~3 (units of OD) to 5.0 x 1073
when the model X pg Was lowered from 390 ppm to 379 ppm. After performing cloud slicing retrievals for
the entire flight segment shown in Figure 3, we applied the following data-screening process: ~45% of the
100 s interval data were rejected because of poor measurement significance (criterion: SNRy, < 50) arising
from weak cloud or ground echoes. Additionally, ~5% of data were rejected for poor modeling of atmo-
spheric absorption (excess noise ratio [Abshire et al., 2014], >1.5) and ~1% for poor vertical colocation of
cloud and ground returns (change in flight altitude>300 m); ~50% of the total data passed the screening
process. The column-averaged PBL and FT CO, VMRs are plotted in Figure 4b.

We assessed the accuracy of lidar cloud slicing CO, VMR measurements by comparing them to the in situ
CO, profile. First we aggregated lidar data to obtain the mean and standard deviation of the CO, VMRs at
each flight altitude (Figure 4c). Then, we calculated the column-averaged in situ CO, VMR for the PBL and
the FT to compare against the lidar data (see Table 1). The lidar measurements were found to be in good
agreement with in situ data at all five flight altitudes for which we had a sufficient sample size (>3) of 100 s
averaged data points.

The cloud slicing PBL measurements had a lower SNR, compared to the FT measurements (Table 1). This is

because, in cloud slicing, photon shot noise from both cloud and ground returns is projected onto a smaller
absorption signal (OD, see Figure 4a), resulting in a lower SNRy. This lower SNR, and the higher variability of
the PBL CO, caused PBL CO, VMR measurements to have larger scatter (1o =~ 10 ppm) compared to those of

the FT (2 ppm).
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Figure 5. Three-layer cloud slicing using cirrus and cumulus clouds: (a) Line shapes from cirrus, cumulus, and ground
backscatter for the 100 s interval plotted in Figure 3b. The low fit residuals (top, data-model) show that the absorption in
the atmospheric layers is in good agreement with model calculations. (b) The retrieved three-layer CO, VMR profile is in
good agreement with the in situ profile, limited by the signal-to-noise ratio.
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3.2. Three-Layer Cloud Slicing Using Cumulus and Cirrus Clouds

We have also demonstrated cloud slicing using backscatter from upper level cirrus clouds and lower level
cumulus clouds. For the 100 s segment beginning at 2235 UTC shown in Figure 3b, additional backscatter
from a cirrus cloud layer at around 9 km was strong enough to measure the absorption (Figure 5a). Since the
cirrus cloud depth was nearly 1.5 km, we used only the backscatter from the top 500 m to keep the reflecting
layer thin compared to the atmospheric column. Thus, we split the FT into two layers corresponding to the
upper troposphere (plane-cirrus) and midtroposphere (cirrus-cumulus), which, along with the PBL, made
three layers in all.

The upper troposphere, midtroposphere, and PBL CO, VMRs measured using cloud slicing were 389 ppm
(SNRy = 45), 387 ppm (295), and 357 ppm (85), respectively (Figure 5b). The measured three-layer CO,
profile, factoring in the limited SNR, was in good agreement with in situ data. In addition, model calculations
fit the measured absorption line shapes well (residuals plotted in Figure 5a). The limited number of three-
layer measurements with sufficient SNR prevented us from generating aggregated statistics.

4, Discussion

The retrieved CO, VMRs using cloud slicing were photon shot noise limited with no evidence of bias.
Standard deviations in the aggregated CO, VMRs were in agreement with the corresponding computed
SNRs (see Table 1). With planned improvements to the lidar such as a more sensitive detector and the use
of higher laser pulse energies, we expect more stringent tests of the technique and checks for biases in the
cloud slicing retrievals.

In using cloud slicing to determine the transmittance of the atmospheric column below the cloud, no
assumptions are required as long as the variation in the cloud layer elevation is small compared to the upper
and lower atmospheric column heights. In addition, potential systematic effects such as the variability in
the system wavelength response are common to both and cancel. Thus, in retrieving Xco, for the lower layer
(PBL in this work), one needs information about the atmospheric pressure, temperature, and water vapor
profile only for the lower layer, making such retrievals more robust.

Lidar cloud slicing has several advantages over similar techniques using passive instruments [Ziemke et al.,
1998]. The time-resolved lidar backscatter from the cloud provides a clear delineation of the cloud top and
the precise boundary between the upper and lower atmospheric layers. In addition, as demonstrated,
lidar cloud slicing works well with thin or broken clouds allowing for excellent colocation of absorption
measurements to different scattering surfaces. Finally, the high spectral resolution of lidar measurements
makes them more sensitive to the absorption line shape and consequently less prone to biases from the
instrument or other factors.

5. Conclusion and Future Work

In summary, we have demonstrated cloud slicing using an airborne IPDA lidar to obtain the CO, VMR in the
FT and the PBL and have validated the measurements using in situ data. Such PBL CO, VMR measurements
are more responsive to CO, fluxes. We have also demonstrated cloud slicing using a thin cirrus cloud layer.
Future work will focus on collecting more data with cirrus clouds for better statistics and enhancing the
retrieval algorithm to use other cloud types such as towering cumulus and multilayer cirrus. The impact of
cloud slicing retrievals on CO, flux retrievals will also be studied.

For a CO, IPDA lidar on a satellite, cloud slicing may be used with a variety of clouds. For cumulus and
altocumulus clouds, which occur over ~20% of the Earth’s surface [Sassen and Wang, 2008], cloud slicing
yields the PBL or lower tropospheric CO, VMR depending on cloud elevation. For cirrus clouds, which occur
over more than 15% of the Earth's surface [Sassen et al., 2008], cloud slicing enables making separate CO,
VMR measurements of the stratosphere and troposphere. In addition, CO, profile information obtained
from multilayer cloud slicing could help improve our understanding of CO, mixing in the midtroposphere
and CO, transport over regional scales [Tiwari et al., 2006]. This is currently being studied by the ASCENDS
formulation team (S. R. Kawa, private communication, 2014).

The technique and retrieval algorithm described here are also applicable to the remote sensing of other
trace gases such as CH,. Airborne pulsed IPDA lidar measurements of CH, [Riris et al., 2012] have been
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demonstrated, and work toward space-based measurements is underway [Stephan et al., 2011]. Thus, with
the increasing use of IPDA lidar, we expect lidar cloud slicing to play an important role in making vertically
resolved measurements of trace gases.
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